Abstract. Analyses of areal variations in the subsidence and rebound occurring over stressed aquifer systems, in conjunction with measurements of the hydraulic head fluctuations causing these displacements, can yield valuable information about the compressibility and storage properties of the aquifer system. Historically, stress-strain relationships have been derived from paired extensometer/piezometer installations, which provide only point source data. Because of the general unavailability of spatially detailed deformation data, areal stress-strain relations and their variability are not commonly considered in constraining conceptual and numerical models of aquifer systems. Interferometric synthetic aperture radar (InSAR) techniques can map ground displacements at a spatial scale of tens of meters over 100 km wide swaths. InSAR has been used previously to characterize larger magnitude, generally permanent aquifer system compaction and land subsidence at yearly and longer timescales, caused by sustained drawdown of groundwater levels that produces intergranular stresses consistently greater than the maximum historical stress. We present InSAR measurements of the typically small-magnitude, generally recoverable deformations of the Las Vegas Valley aquifer system occurring at seasonal timescales. From these we derive estimates of the elastic storage coefficient for the aquifer system at several locations in Las Vegas Valley. These high-resolution measurements offer great potential for future investigations into the mechanics of aquifer systems and the spatial heterogeneity of aquifer system structure and material properties as well as for monitoring ongoing aquifer system compaction and land subsidence.
Introduction
During the past several decades, Las Vegas, Nevada, ( Figure  1 ) has experienced significant land subsidence due to compaction of the aquifer system. Though groundwater level declines had become apparent by 1912 [Maxey and Jameson, 1948] owing to discharging wells since the late 1800s, accelerated groundwater pumpage since the late 1940s to provide water for the currently fastest growing metropolitan area in the United States (U.S. Department of Commerce, Metropolitan area rankings by population size and percent change: 1990 to 1999, available at http://www.census.gov/population/www.estimates/ metropop.html, 1999) has lowered aquifer hydraulic heads over the entire valley. Maximum groundwater level declines in some areas exceeded 70 m between 1912 and 1972 [Morgan and Dettinger, 1991] , and by 1990 the maximum decline exceeded 90 m [Burbey, 1995] , although water levels had begun to recover in some areas. In 1998, accounting for artificial recharge of imported surface water, groundwater constituted ϳ14% of the municipal water supply [Coache, 1999] . The remainder was met with water imported from Lake Mead. In the central part of the valley, declining heads in the aquifer system incorporating thick, highly compressible clay beds (aquitards) have led to subsidence rates of several centimeters per year during most of the 20th century, with resulting damage to structures and well casings. Differential subsidence has reactivated existing Quaternary faults and created new earth fissures [Bell and Price, 1991] . Recently, artificial recharge has become an increasingly important tool to mitigate the negative effects of land subsidence due to overdrafting of the aquifer system in Las Vegas [Pavelko et al., 1999] .
Subsidence in the Las Vegas area has previously been monitored using precise leveling surveys and a borehole extensometer installation, the Lorenzi site, that was installed in 1994 [Pavelko, 2000] . Recently, Amelung et al. [1999] studied multiyear subsidence in Las Vegas Valley between 1992 and 1997 using interferometric synthetic aperture radar (InSAR) techniques and satellite-borne synthetic aperture radar data. They delineated a subsidence bowl in northwest Las Vegas Valley, where a maximum subsidence of 190 mm was measured between April 1992 and December 1997, and a central subsidence zone around the downtown area, where the maximum measured subsidence was ϳ110 mm in that time period. These results extended and enhanced the definition of these features, which had been previously mapped by leveling surveys in 1963 and 1987 [Bell and Price, 1991] . In addition, the InSAR imagery revealed that the Quaternary Eglington fault controls the spatial extent of the observed subsidence pattern along the southeastern boundary of the northwest subsidence bowl. The 1992-1997 subsidence rates in the northwest subsidence bowl are significantly smaller than the 50 mm yr Ϫ1 measured from 1980 to 1982 by Bell and Price [1991] . Amelung et al. [1999] explained differences between interferograms spanning more than 1 year with differences in the contributions of periods of seasonal water level recovery relative to periods of water level decline. Interferograms that contained more winter season recovery showed less subsidence or relative uplift, while those with relatively more summer season decline showed more subsidence. However, they did not investigate the seasonal changes in the observed displacement patterns in detail or compare their magnitude to the observed multiyear subsidence. Galloway et al. [1998] speculated that seasonal InSARderived displacement maps could be used in conjunction with hydraulic head measurements to compute the elastic storage coefficient of confined aquifer systems undergoing significant seasonal deformation (Ͼ10 mm). Under the favorable radiometric conditions in Las Vegas Valley, relatively small (տ5 mm) poroelastic deformations of the aquifer system in response to changes in aquifer head can be detected by InSAR within 1 month of the onset of the rapid drawdown and recovery of groundwater levels in response to the annual cycle of summer pumping and winter recharge. This capability, in addition to the importance of the valley fill aquifer system to the Las Vegas community, make this an interesting area of study.
The lack of spatially detailed hydrogeologic and geodetic information has limited the study of spatial heterogeneity in aquifer systems, which has been recognized to be an important factor in mitigating negative consequences of overdrafting [e.g., Carrillo-Rivera, 1999] . In this work, we will present displacement maps derived from spaceborne radar measurements acquired by the European Remote Sensing satellites ERS-1 and ERS-2. These measurements can yield surface displacements accurate to subcentimeter levels at a spatial resolution of 20 m, over swaths 100 km in extent. The extensive coverage of Las Vegas Valley by the ERS satellites constitutes a catalog of accurate displacement measurements at unprecedented spatial resolution. It is our intent here to use these data to address the mechanics of deforming aquifer systems, and the controlling hydrogeologic parameters, in their spatial detail. This new constraint for hydrogeologic models promises to yield more information on the storage properties of the aquifer system. A better understanding of the areal variability of the aquifer system response to stress will be very useful in refining existing groundwater flow models and can improve the effectiveness of groundwater management schemes. It may further enable the identification of zones with a high potential of fissure formation, which would be valuable information in city planning.
The purpose of this paper is threefold. First, we explicitly address seasonal-scale deformation in Las Vegas Valley by creating interferograms with temporal baselines on the order of a few months. Second, we document land subsidence during 1997-1999. Third, we use the InSAR-derived displacements and water level variations to obtain an estimate of the elastic storage coefficients at six locations in the Las Vegas Valley aquifer system.
Aquifer System Deformation
An unconsolidated alluvial aquifer system typically constitutes a series of relatively flat lying aquifers interbedded with aquitards that confine fluid pressures in the underlying aquifers. Land subsidence caused by the compaction of overdrafted aquifer systems occurs as a result of consolidation of the aquitards (compressible silt and clay deposits) within the aquifer system. The theory of poroelasticity, as first conceptualized by Terzaghi [1925] in one dimension and later extended to three dimensions by Biot [1941] , requires that fluctuations in pore pressure cause stress changes in the porous material. According to Terzaghi's [1925] principle of effective stress the total stress, T , on the confined aquifer system is equal to the sum of the pore pressure, p, and the effective or intergranular stress, e , or in terms of the effective stress,
The total stress is the weight of the overlying fluid and geologic medium. Under this principle, for the simplified case where the total stress remains constant, a change in pore pressure is accompanied by an equal magnitude but oppositely sensed change in effective stress. Decreasing pore pressures cause increasing effective stresses, which act to compress the granular skeleton of the aquifer or aquitard. Conversely, increasing pore pressures are accompanied by expansion of the granular skeleton.
If the change in effective stress, ⌬ e , is due solely to a change in fluid pressure, ⌬p, and not to a change in lithostatic stress, ⌬ e can be determined from measurements of fluid pressure or hydraulic head fluctuations, ⌬h ϭ ⌬p/(g), in wells tapping the aquifer system. For this case, an elastic skeletal storage coefficient, S* ke , can be calculated for the aquifer system [Riley, 1969] :
where ⌬b* is the change in thickness of the aquifer system, is the density of water, and g is the gravitational acceleration. The elastic skeletal storage coefficient is the change in pore volume in the saturated portion of an aquifer system per unit area and unit change in hydraulic head, attributed to purely elastic deformation. For aquifer systems that constitute heterogeneous unconsolidated alluvial deposits, S* ke typically is 2.5 to 5 times larger than S* w (the storage coefficient related to the compressibility of water); therefore S* ke constitutes roughly 70 to 85 percent of S* (the elastic storage coefficient of the aquifer system). We use S* to denote the property of the aquifer system as a whole, as opposed to S, which is the storage coefficient of the aquifer as defined by Jacob [1950] . However, if head decline produces effective stresses greater than the maximum historical stress, the sediments undergo irreversible compaction, largely concentrated in the aquitards. For these stresses an inelastic storativity governs the compaction of the aquitards, and its value is typically 20 to more than 100 times larger than the elastic value [Riley, 1998] . A more detailed discussion of the various storage coefficients can be found in Appendix A. The elastic storage coefficient of aquifer systems is a bulk value that reflects the responses of the aquifer and aquitard fractions of the aquifer system to variations in head in those units. It is a critical hydraulic parameter that strongly influences the nonsteady flow of groundwater and is important to groundwater resource evaluations. Typically, these bulk values of the storage coefficient may be difficult to obtain and of questionable reliability. In situ values can be obtained from measurements of drawdown rates in pumping tests, but these can be costly and often are representative of only the most permeable fraction of the aquifer system, the aquifers. Values can also be measured in the laboratory from core samples, but these measurements generally are not representative of in situ conditions [Riley, 1998 ]. Most often the aquifer storage coefficient is estimated from the "rule-of-thumb" relation, S ϭ 3 ϫ 10 Ϫ6 b*, where b* is the saturated aquifer thickness in meters [Todd, 1980] . We show in section 7 that seasonal InSAR-derived displacement maps of Las Vegas Valley (measuring ⌬b), in conjunction with groundwater levels (measuring ⌬h), can yield spatially varying estimates of storage coefficients for those parts of the aquifer system undergoing largely elastic deformation. It is typically assumed that deformation within the aquifer system is purely elastic when and where the previous maximum stress is not exceeded [Poland, 1961] . We focus on areas where the annual and multiyear interferograms show no net subsidence.
This suggests that the stresses fluctuate in the elastic range, and inelastic residual compaction of thick aquitards is negligible. In overdrawn, subsiding groundwater basins, delays in dissipation of residual excess pore pressure in the thicker aquitards introduce a major time delay between changes in hydraulic head in the aquifers and the deformation in the aquitards. These delays have been described by a time constant for the system, defined as the time after which 93% of the ultimate compaction has occurred in an aquitard under a step decrease of hydraulic head in two bounding aquifers [Riley, 1969] . For aquitards several meters to several tens of meters thick these time constants can be decades to centuries [Ireland et al., 1984] , Uplift and subsidence are determined by the order of the colors: Uplift is characterized by blue-red-yellowgreen-blue and subsidence is displayed with the reverse color order (see color scale). Plate 1d also contains a significant part of a winter season. Most large-scale patterns recur in all images, even though they exhibit varying magnitudes. Subsidence rates are generally decreasing in recent years. The large uplift seen in the eastern part of outlined pink color in Plate 1b is an atmospheric artifact. The northwest subsidence bowl includes areas A and B.
leading to continuing residual compaction occurring long after the heads in the aquifers have ceased declining or have, in fact, recovered significantly. Except for one location, the site of a borehole extensometer ("Lorenzi site," Figure 1 ), our analyses were focused on areas where we observed only small inelastic residual compaction trends. It should be noted, however, that even under elastic conditions in the aquifer system, time lags for aquitard storage change are likely to be very significant, inasmuch as the time constants are proportional to storativity and may be of the order of months to years.
Method
Measurements with high temporal and spatial resolution of both changes in aquifer hydraulic heads (measured as water level changes in wells) and resulting surface displacements can be used to improve estimates of the magnitude and distribution of storage coefficient values. In Las Vegas Valley, coincident measurements of vertical displacement and hydraulic head are available only at the Lorenzi site (Figure 1 ). Presently, InSAR can map displacements at very high spatial resolution. Using the ERS satellites, this can be done as frequently as every 35 days, the orbit repeat period of the satellites.
InSAR was used initially to measure surface deformation related to a variety of mechanisms such as volcanos [Massonnet et al., 1995] , earthquakes [Massonnet et al., 1993] , and glacial flow [Goldstein et al., 1993] . It has also been applied to demonstrate subsidence over active geothermal fields [Massonnet et al., 1997] , producing oil fields [Fielding et al., 1998 ], and aquifer systems [Galloway et al., 1998; Amelung et al., 1999] .
Several factors limit the applicability of InSAR. First, differing propagation delays through a troposphere with variable water vapor content can give false deformation signals [Zebker et al., 1997] . Second, temporal decorrelation of the reflective ground surface limits the ability to measure subtle deformation occurring over long time periods: The ground surface in the study area must not undergo too much alteration, on the scale of the radar wavelength (56 mm for ERS) between the two radar acquisitions [Zebker and Villasenor, 1992] . Las Vegas Valley offers favorable conditions for the application of InSAR because of its desert environment. The urban and sparsely vegetated dry surfaces that cover almost the entire Las Vegas Valley preserve the phase coherence of reflected radar signals over relatively long time periods, even though construction activities may cause a loss of phase coherence locally.
Interferograms are formed from two synthetic aperture radar (SAR) images over an area with nearly identical acquisition geometry. The nearly identical viewing geometry ensures phase coherence between the two radar signals. After carefully coregistering the two images the interferogram is formed by multiplying the first image with the complex conjugate of the second image, yielding the difference phase signal. The resulting map of phase differences can be related to a variety of effects, most importantly displacements within the image, surface topography, and changes in the travel time of the radar signals due to tropospheric delays. The topographic component is removed using a 1-day tandem interferogram [Zebker et al., 1994a] .
We used data from both ERS-1 and ERS-2 satellites, processed as 42 interferograms, spanning time periods between 2 and 35 months ( Figure 2 ). The interferograms were used to create the displacement maps shown in Plates 1, 2, and 3, and to construct the time series measurements shown in Figures 3 and 4. We could not use any acquisitions between January 1994 and March 1995, when the ERS-1 satellite was in different orbits. The spatial resolution of the images is initially ϳ4 m in the along-track direction (azimuth) and 20 m in the acrosstrack direction (range). To eliminate some of the noise and to reduce geometrical distortions we average (multilook) the images, resulting in a 40 m resolution in both azimuth and range.
Plate 3. Displacement patterns compared for two consecutive annual periods. Residual subsidence is occurring in (a) the northwest subsidence bowl, while (b) the central subsidence zone shows uplift in 1997-1998. The extended uplift indicated by the outlined area in Plate 3a is probably an atmospheric artifact.
The orbit repeat period of 35 days is the maximum temporal resolution using ERS-2 data.
The accuracy of the range change measurement in radar interferograms decreases with decreasing radar correlation. Correlation in the interferogram depends linearly on the component of the radar baseline perpendicular to the line of sight (called the perpendicular baseline, B Ќ ) [Zebker et al., 1994b] . Therefore, in the case of exceedingly long B Ќ we combined (stacked) two or three interferograms with shorter B Ќ to span the same time period in order to maximize the accuracy in the displacement measurements. The longest B Ќ used was 320 m (Figure 2 ). In cases where we compared interferograms with long B Ќ to stacks of two or more images covering the same time periods, we found only insignificant differences in displacements and an improvement in the measurement accuracy. Small residual tilts across the image that result from imprecise knowledge of the orbital geometries were corrected by subtracting a least squares plane fit to residual displacement values at a large number of tie points distributed over parts of the valley where no significant subsidence was detected. The measured range changes were projected into the vertical dimension using the incidence angle of the ERS satellites (Ϸ23Њ).
Observations
The available ERS SAR images for Las Vegas Valley cover a wide range of time periods and allow the mapping of the displacement patterns related to groundwater withdrawal with high resolution in both space and time. We concentrated on interferograms covering time periods of up to a few months in order to study the temporal variations in the displacement patterns within individual years. We found that the rates of seasonal displacement exceed the rates of yearly to multiyear displacement almost everywhere. For the following discussion, we assume the observed range changes are caused by vertical ground displacements. Observed range increase is referred to as subsidence, and range decrease is referred to as uplift. Following Amelung et al. [1999] , we refer to the deforming areas in the northwest and central part of Las Vegas Valley as the northwest subsidence bowl and the central subsidence zone, respectively, despite that the observed displacements in the central part of Las Vegas Valley are to a large extent uplift, particularly during the winters. Plates 1, 2, and 3 are displacement maps derived from the acquisition pairs shown as solid lines in Figure 2 . Extensive subsidence occurs during the sum- mer over the entire Las Vegas Valley (Plate 1). Though subsidence is greatest in the northwest subsidence bowl, large parts of the central Las Vegas Valley and a few isolated locations in the eastern and southern parts of the valley also subside at detectable rates.
In Las Vegas Valley the summer drawdown season typically occurs during the period April to November, and the remainder of the year constitutes the winter recovery season. Plates 1 and 2 show the measured vertical displacements occurring during four summer seasons (1993, 1996, 1997, and 1998 ) and four winter seasons (1992-1993, 1995-1996, 1996 -1997, and 1997-1998) , respectively. The displacement map for the summer of 1998 (Plate 1d) also includes a large part of the following winter season because no SAR acquisition was available in the fall of 1998. In Plates 1-3 one color cycle corresponds to 20 mm of vertical displacement with turquoise being zero displacement (see color scale). Uplift is characterized by bluered-yellow-green-blue and subsidence is displayed with the reverse color order.
The large-scale subsidence patterns recur in all four summer seasons (Plate 1). However, the northwest subsidence bowl and the central subsidence zone are notably more defined in 1993 (Plate 1a) than in the three more recent summer seasons (Plates 1b-1d). Subsidence during the summer of 1998 is least pronounced (Plate 1d), in particular, in the central subsidence zone. This is, in part, caused by some summer subsidence being offset by some 1998 -1999 winter recovery in the interferogram.
During recent winters, subsidence seems to have been largely arrested over the entire valley and extensive uplift can be observed (Plates 2c and 2d), especially in the central subsidence zone. The uplifting areas are larger and the uplift is greater in the most recent winter season 1997-1998 (Plate 1d) than in the earlier 1995 -1996 . Although the maximum subsidence within the northwest subsidence bowl exceeds 10 mm in all observed winter seasons, the subsidence bowl is less defined in more recent winter seasons (Plates 2b-2d). In the 1997-1998 winter season, there is some localized uplift (blue and pink areas) within the subsidence bowl (Plate 1d).
The maximum subsidence detected within the northwest subsidence bowl (area A) was 42 mm during the summer of 1993, almost twice the maximum subsidence measured in each of the summer seasons in 1996 (24 mm), 1997 (26 mm), and 1998 (24 mm). Peak subsidence of 19 mm, 26 mm, 19 mm, and 12 mm is detected during the winters of 1992-1993, 1995-1996, 1996 -1997, and 1997-1998 , respectively (Plate 2).
The vertical displacements measured at locations A-H in Plates 1-3 are listed in Table 1 . The measured displacements are averages over areas of ϳ20,000 m 2 (13 pixels) at each location. The northwest subsidence bowl (areas A and B) shows a dramatic decrease in summer subsidence since 1993 and remains constant from 1996 -1998. Winter subsidence in the northwest subsidence bowl has been decreasing linearly since 1992. Areas C through F show localized displacement patterns that may be related to local pumpage or recharge. The magnitudes of seasonal displacement are mostly decreasing with time in these areas. Note that values less than ϳ5 mm (Figure 1) , superposed with aquifer head measured as the depth to water below land surface (thin line) in a well (USGS-PZD) colocated with the extensometer. Although the two measurements are in good agreement, the magnitude of the elastic response is larger for the InSAR measurements. This is likely due to deformation below the depth interval monitored by the extensometer. The error bars for the InSAR measurements are Ϯ5 mm. probably are not significant, as discussed in the following section. At area E, almost all displacements over the observed periods are uplift. At Whitney Mesa (area G) we observe a curious variation in the displacement trends, from decreasing subsidence (or increasing uplift) from summer 1993 to winter 1996 -1997, to comparable displacement magnitudes of opposite trend thereafter. The displacements at area H are typical for the central subsidence zone. Summer subsidence and winter uplift are relatively constant over the entire period of observation (Table 1) . Plate 3 shows measured displacements for two consecutive annual periods. During the first annual period 1996 -1997 (Plate 3a), displacements are generally small in the central subsidence zone (including area H), although some small localized areas show subsidence of ϳ19 mm. The northwest subsidence bowl (including areas A and B) is pronounced with a maximum subsidence of 28 mm. The moderate uplift seen over an extensive area in the eastern part of the valley (labeled) is likely an atmospheric artifact as it is unique to this particular interferogram. During the second annual period 1997-1998 (Plate 3b) a large area of uplift in the central subsidence zone (area H) has a maximum uplift of ϳ23 mm. The northwest subsidence bowl is somewhat less developed than in the previous year, though the maximum subsidence values are about the same, 29 mm. In some interferograms we observe apparent displacements of the order of 20 -30 mm in areas of high relief, especially at Frenchman Mountain, in the east, and the Spring Mountains in the west (Plates 1b, 2d, and 3a). For reasons to be discussed in the next section, these relatively strong signals in the mountainous areas do not discredit the accuracy of the measurements on the valley floor. Figure 3 shows the InSAR-derived displacements at area A in the northwest subsidence bowl, the central subsidence zone (ϳ2 km east of H), and at Whitney Mesa (area G). All measured displacements are shown relative to May 1997. We use this reference image because it is central to the acquired data in time as well as baseline geometry. This allows us to form a large number of displacement maps directly from interferograms involving this scene, rather than stacking interferograms as described in section 3. Where decorrelation due to long temporal baselines or large perpendicular baselines limits our ability to form good interferograms, we combined other interferograms, each with a smaller perpendicular baseline, spanning a shorter time period, to form the displacement map. Each of these displacement maps is represented by one data point in each panel of Figure 3 . The error bar shown on the most recent data point in each panel is Ϯ5 mm to indicate a rough estimate of our achieved accuracy (see section 5). The dashed line segments connect data points that span longer time periods (Ͼ5 months) which cannot be used to estimate seasonal fluctuations. In the northwest subsidence bowl (Figure 3 , top) we observe a clear subsidence trend on which seasonal fluctuations are superimposed. The subsidence rate is decreasing in recent times. In the central subsidence zone (Figure 3 , middle), we observe strong seasonal displacements of the order of 20 mm. Since summer 1995 there has been no significant long-term trend, as the subsidence occurring during the summer seasons is generally recovered as uplift in the following winter season. Thus the earlier subsidence in this area has been essentially arrested for the 4-year period from fall of 1995 to winter of 1998 -1999. At Whitney Mesa (Figure 3, bottom) we observe a long-term uplift trend with ϳ15 mm of uplift from fall of 1995 to winter of 1998 -1999. Seasonal fluctuations as well as the long-term uplift rate are decreasing in more recent times.
Accuracy of the Measured Displacements
Very small displacements must be detected reliably if we wish to successfully measure subtle seasonal variations in the displacement patterns in Las Vegas. Although the phase measurements used in the interferometric technique are accurate enough to detect millimeter-level variations, systematic errors introduced by uncertainties in the orbits and changes in tropospheric propagation may bias the InSAR-derived displacements. Because errors due to the imperfect knowledge of the orbits depend on topography and increase with elevation difference, they are less critical in the relatively flat Las Vegas Valley. Small inaccuracies in the satellite orbits introduce roughly linear phase trends across the image [Zebker et al., 1994a] . Thus we are able to correct for these by subtracting a plane from the image that minimizes these tilts in areas where no significant subsidence is observed. As the selection of these areas where subsidence is not expected is somewhat subjective, biases of the resulting displacements may result. However, the residual biases are likely small compared to possible errors introduced by tropospheric delays in the interferograms. We estimate that residual orbit errors are Ͻ1 mm over the flat areas of the valley.
Tropospheric errors are a more important concern in seasonal observations by InSAR. Where constant deformation rates persist over considerable time periods, these tropospheric errors can often be decreased by averaging several interferograms. However, in Las Vegas seasonal displacement patterns change too rapidly to use this approach. A signal of localized subsidence and subsequent rebound may not be easily distinguished from tropospheric delay signals. One criterion that is frequently applied in interferometric studies to detect tropospheric artifacts, namely, that they tend to appear only in individual interferograms [Massonnet and Feigl, 1998 ], could also represent a seasonal subsidence feature unique to one particular season.
Although it is easy to misinterpret some tropospheric signals as deformation (and vice versa), it is, nonetheless, usually possible to differentiate between tropospheric artifacts and subsidence. Most displacement patterns appear at the same area over several seasons, while tropospheric delays, which are statistical in nature, tend not to recur at exactly the same location in consecutive summer or winter seasons. Thus we assume that displacement patterns which are observable over several seasons, such as the subsidence bowl in the northwest or the displacements in the central subsidence zone, are true deformation signals. Conversely, patterns which do not seem to correspond to an area that has been observed before are likely, though not certainly, due to tropospheric delay rather than deformation.
Images with strong tropospheric artifacts are easily identified because of characteristic patterns and scales of tropospheric phenomena. These images can then be excluded from the interpretations or the values drawn from these images can be assigned significantly greater uncertainties. From our experience with the large number of interferograms we processed over the area we estimate that tropospheric delays cause less than ϳ5 mm error in the measured vertical displacements within the valley, this being the level of easily recognized artifacts.
In some of the interferograms we observe a relatively strong phase signal, corresponding to ϳ20 to 30 mm, in the areas of high relief surrounding Las Vegas Valley, especially at Frenchman Mountain, in the east, and the Spring Mountains, in the west (Plates 1b, 2d, and 3a). These signals derive from changes in tropospheric conditions as a function of altitude. Electromagnetic waves are affected by temperature as well as moisture content in the troposphere, which are functions of altitude. These tropospheric artifacts can mimic topographic residuals [Delacourt et al., 1998 ]. On the valley floor this effect does not constitute an important error source, because of the absence of significant topography.
Misinterpretations of measured displacements could also potentially be due to variations in soil moisture content, which can cause measurable displacements of the land surface. Higher soil moisture content may cause relative soil swelling, and lower soil moisture content may cause soil shrinking. Therefore more lawn watering in the summers would lead to swelling, and less watering in the winters would cause shrinkage. However, as we do not observe this effect anywhere outside the subsiding areas, we assume that it is negligible over the entire imaged area.
Because the radar measures changes in range, the distance between the satellite and the ground, to compute equivalent subsidence and uplift, the measured range changes are projected into the vertical dimension under the assumption that no horizontal deformation occurs due to compaction of the aquifer system. According to Helm [1994] , inhomogeneities in the aquifer system or steep gradients in the piezometric surface may cause horizontal displacements of the same order of magnitude as the vertical displacements. If there are horizontal displacements with a range component, they will contribute to the error in the measurement. In Las Vegas Valley the occurrence of numerous tensional fissures at land surface provides clear evidence of localized horizontal displacements [Bell and Price, 1991] . It should be noted, though, that because of the relatively steep incidence angle the phase measurement is at least 2.3 times more sensitive to vertical displacements. Figure 4 shows the time series of aquifer system compaction measured at the Lorenzi borehole extensometer (Figure 1 ) located on the southern rim of the northwest subsidence bowl, the InSAR-derived vertical displacements for the same location, and the fluctuation of aquifer head that represents the change in stress driving these displacements. The long-term trends and magnitudes measured by the extensometer and by InSAR are in good agreement. The trends of the seasonal fluctuations also agree very closely. However, the InSAR measurements show seasonal displacements consistently larger than those measured by the extensometer. This difference can be explained by the different thicknesses of deforming sediments that are measured by the two techniques. The extensometer measures vertical compaction and expansion only in the interval from 4 to 244 m below land surface [Pavelko, 2000] . Any compaction or expansion of the aquifer system occurring at depths outside this range is not detected by the extensometer but would be detected by the InSAR measurements.
Comparison of InSAR and Extensometer Measurements
It is unlikely that the seasonal variations measured by InSAR at the extensometer location are caused by deformation occurring in the uppermost 4 m. The most likely shallow mechanism would be soil shrinkage and swelling, but two factors argue against this possibility. First, the patterns of seasonal variation are not widespread as one might expect with seasonal climatic variations in soil moisture content. Second, if lawn watering practices were responsible for seasonal changes in soil moisture content we would expect to see relative uplift in summer and relative subsidence in winter, which are not present. Deep wells in the Las Vegas Valley penetrate to depths below 244 m, and more importantly, pressure transients extend into that region, providing the necessary stress changes to cause elastic deformation at these depths.
Another possible source of discrepancy between the two measurements is the measurement "dead band" in the extensometer, the region in which reversing trends in the displacement are not detected. However, the dead band for the Lorenzi extensometer, which ranged between 0.15 and 0.3 mm during the period 1994 to 1999 (M. Pavelko, U.S. Geological Survey, written communication, 1999) , is too small to explain the observed differences.
The stepwise seasonal variations in compaction rate measured by the extensometer (Figure 4 ) reflect elastic seasonal deformation superimposed on nonrecoverable residual compaction attributed to the delayed drainage and fluid-pressure equilibration of thick aquitards. The ongoing residual compaction results in small to no seasonal uplift (rebound) during the periods of groundwater level recovery, followed by accelerated compaction during the periods of drawdown [Riley, 1969; Helm, 1975] . Despite the larger seasonal variations in the In-SAR measurements the long-term trend is comparable to the extensometer record. This suggests that thick, slowly draining aquitards within the 244 m depth interval measured by the extensometer are chiefly responsible for the residual compaction occurring at this site. We thus conclude that the larger seasonal variations detected by InSAR are most likely caused by essentially elastic deformation of the aquifer system occurring at depths below 244 m. Altogether, the general agreement between the two methods is very encouraging, while the differences in the seasonal variations are an interesting topic for future investigations.
Estimates of Elastic Storage Coefficients
In this section we demonstrate, for six locations in Las Vegas Valley, how estimates of the aquifer system elastic storage coefficients can be derived from the InSAR displacement maps and contemporaneous measurements of water levels in wells, using (2). For this analysis, we assume that the measured range changes are attributed only to vertical displacements of the surface. This assumption may bias the calculated elastic storage coefficients if horizontal displacements are significant. We calculated the elastic storage coefficient at the six observation wells shown in Figure 1 . At each site, hydraulic head (measured as the depth to water level in the well below land surface) is monitored in wells penetrating the aquifer system at depths Ͼ60 m. Water levels were measured at least every 3 months over the time period spanned by the InSAR observations. The water levels and InSAR-derived ground displacements were used to determine the stress-strain relationship at these sites ( Figure 5 ). Water level variations, plotted on the y axis, represent the applied stresses, and the ground displacements, plotted on the x axis, represent the vertical deformation of the aquifer system. Interferograms with large tropospheric residuals were excluded from the analysis. After Riley [1969] we computed an estimate of the elastic skeletal storage coefficient from the inverse slope of the best fitting line to the stress displacement data. A weighted least squares approach was used, taking into account that the measurement errors in interferograms that share one radar acquisition are correlated. For each of the wells except the well at the Lorenzi site, where water level was measured hourly, we linearly interpolated the water level values to the radar acquisition dates. The resulting storage coefficient estimates (Table 2) ranged from 4.2 ϫ 10 Ϫ4 at well 22BDD in the northwest subsidence bowl to 3.4 ϫ 10 Ϫ3 at well 32CDC in the central subsidence zone. Table 2 also compares our estimated values with estimates proportional to Figure 5 . Calculation of the skeletal elastic storage coefficient from stress displacement analysis. On the left are time series plots for water level measurements (diamonds) in meters below land surface and vertical displacements, shown as changes in vertical elevation as measured in the interferograms. Each plus symbol corresponds to a radar acquisition. On the right these data are plotted in a stress-strain diagram. The slope of the solid line is the weighted least squares estimate for the elastic storage coefficient S* ke . The dashed lines correspond to Ϯ values, assuming a 5 mm standard deviation for the displacement measurement and exact interpolated water levels.
an estimate of the saturated thickness of the aquifer system [Todd, 1980] . As an approximation for the saturated thickness we used the thickness of the "Las Vegas Springs aquifer" from Donovan [1996] . This includes most of the "developed-zone aquifers" defined by Morgan and Dettinger [1996] . This very rough estimate demonstrates very clearly that the typically small variations in saturated thickness limit the estimated storage coefficients to a very narrow range, which cannot explain the observed spatial variability of the displacement field.
We tested the sensitivity of our estimates to the validity of the assumption that residual, inelastic compaction is negligible by calculating and removing a long-term subsidence trend for each location in the analysis. We found that the resulting estimates were insensitive to the removal of the very small trends and thus conclude that any residual compaction that may still be occurring at these locations does not significantly bias our estimates. In the described analysis, the water level change measured in the observation wells is assumed to be representative for the aquifer system at the well location. Unfortunately, the vertical distribution of hydraulic head in the aquifer system is generally unknown. If water levels in the observation wells do not represent the local average conditions in the aquifer system, the estimated value for the storage coefficient will be inaccurate. In most cases the values probably are biased toward the low side, because of the delayed propagation of drawdown and recovery from the pumped or recharged aquifers, where water levels are measured. Thus the unknown depth distribution of hydraulic head limits the accuracy of the computed storage coefficients to about one half order of magnitude.
Discussion
The displacement maps in Plates 1-3 contain a wealth of information regarding the seasonal deformation of the aquifer system in Las Vegas Valley. Over the last few years, changes in the management of the aquifer system have led to changes in the character of the observed displacements. From late fall to mid-spring, comprehensive groundwater recharge programs are now in effect, primarily in the central and northwestern parts of the valley. These programs, which began in the late 1980s and continue to grow, have helped stabilize groundwater levels in the northwest, which have been recovering slightly since the mid-1990s [Wood, 2000] . Over the longer term, increased water imports since the 1970s from Lake Mead have been used to meet water demand throughout the valley, making it possible to reduce groundwater pumping during the summer months in these areas. As a result, water levels in the central Las Vegas Valley have been recovering since the mid1990s and are now well above their historic minimum levels [Pavelko et al., 1999] . During the time period 1992-1999 a trend of increasing precipitation has been measured at stations in the recharge source areas of Las Vegas Valley [U.S. Geological Survey, 1992 . This increase in natural recharge could explain some groundwater level recovery and uplift in the valley occurring during this period. However, we believe that this effect is negligible where we observe uplift and water level recovery in the central portion of the valley. In this area, groundwater level recoveries of tens to a hundred feet are occurring in former subsidence areas and near artificial recharge wells. We attribute most of this water level recovery and uplift to artificial recharge.
Seasonal Deformations
In the northwest subsidence bowl, groundwater levels are recovering and InSAR-derived subsidence rates are declining (Figures 3, 4 , and 5i). Using InSAR, Amelung et al. [1999] observed 70 -80 mm of subsidence in the northwest bowl between April 1992 and November 1993, a period spanning two summers. We measure a maximum subsidence in the northwest subsidence of 40 mm for the summer of 1993 and a decrease to ϳ25 mm for each of the summers 1996 through 1998 (Plate 1). There is no significant large-scale deformation detected for the winter of 1996 -1997, and some areas within the northwest subsidence bowl show small uplift for the winter of 1997-1998 (Plate 2).
In the central subsidence zone, where Amelung et al.
[1999] measured 30 -50 mm of subsidence between April 1992 and November 1993, we measure a maximum subsidence of more than 30 mm for the summer of 1993 and somewhat smaller values for the summers, 1996 through 1998 (Plate 1). The surprisingly large uplift of more than 30 mm for the winter of 1997-1998 is larger than for earlier winters, which also clearly show uplift in the central subsidence zone (Plate 2). These results are consistent with elastic expansion of the aquifer system in response to the overall recovery of water levels in the central Las Vegas Valley.
The absence of measurable subsidence in the northwest subsidence bowl during the more recent winter seasons (Plate 2) suggests that residual compaction due to the delayed dissipation of residual excess pore pressure occurring in the thick aquitards is masked by elastic expansion occurring in the thinner and/or more permeable aquitards and in the aquifers due to longer-term seasonal increases in hydraulic head. On the other hand, the net subsidence of about 10 -20 mm yr Ϫ1 observed between 1996 and 1998, despite recovering water levels, suggests that some residual compaction is occurring in the aquifer system, causing further permanent subsidence. At the location of the northwest subsidence bowl, Morgan and Dettinger [1991] estimated an aggregate clay thickness of ϳ50 -100 m within the "developed-zone aquifers" of the valley fill deposits. Little information is available on the thickness of individual aquitards. The boreholes drilled for the piezometers and the extensometer at the Lorenzi site penetrate three thick aquitards, two of which are below the current water table The aquifer storage coefficients S, derived from the commonly used relation S ϭ 3 ϫ 10 Ϫ6 b*, where b* is the saturated thickness of the aquifer system [Todd, 1980] , are shown for comparison. (No thickness value was available for well 14ACA). Because the estimates for the saturated thickness of the aquifer system do not vary significantly between the different locations, they limit S to a very narrow range of values. The value for S* ke determined for the Lorenzi extensometer PZD well from compaction measured by the extensometer is 5.1 ϫ 10 Ϫ4 (M. Pavelko, written communication, 1999) . [Pavelko, 2000] . The presence of these thick aquitards presumably explains the residual compaction measured by the extensometer and perhaps some of the subsidence detected by In-SAR in the northwest subsidence bowl.
The same reasoning applied to the absence of significant annual subsidence in the central subsidence zone leads to the conclusion that there is little or no residual compaction and therefore little or no residual excess pore pressure in the aquitards in the central subsidence zone. Water levels in the downtown area of Las Vegas have been stabilized or recovering since the mid-1970s, allowing for dissipation or cancellation of the excess pressure from aquitards. In the central Las Vegas Valley the estimated aggregate clay thickness within the developed-zone aquifers is about 75-150 m [Morgan and Dettinger, 1991] , but the thickness of discrete aquitards is unknown to us.
The InSAR-derived displacements suggest that the effective stress changes in the central portion of Las Vegas Valley have been predominantly in the elastic range of aquifer system compressibility since 1995. For aquifer systems, elastic compressibilities are generally 1 or 2 orders of magnitudes smaller than the inelastic compressibilities [Riley, 1998 ]. Though the magnitude of the maximum observed displacements in the central subsidence zone are seemingly large, they are roughly equivalent to maximum seasonal elastic deformations, 25-30 mm, measured by some extensometers in the Santa Clara [Ireland et al., 1984] and San Joaquin [Poland et al., 1975] Valleys in California. In the northwest subsidence bowl the multiyear compaction rate of more than 10 mm yr Ϫ1 is small compared to historical subsidence rates of 63 mm yr Ϫ1 measured between 1963 and 1986 -1987 [Bell and Price, 1991 .
Land Subsidence From December 1997 to January 1999
The trend of decreasing subsidence rates in the northwest subsidence bowl observed by Amelung et al. [1999] until December 1997 continues through January 1999. The maximum average subsidence rate in the northwest subsidence bowl from December 1997 to January 1999 was 20 mm yr Ϫ1 , compared to ϳ25 mm yr Ϫ1 in the previous 2 years. This small apparent change in the subsidence rate could be due to measurement error.
The trend of decreasing subsidence rate is also observed in the central subsidence zone, where the average subsidence rate decreased from ϳ10 -15 mm yr Ϫ1 from January 1996 to December 1997 to nearly zero from December 1997 to January 1999. Subsidence in the central subsidence zone seems to have been completely arrested during this period.
Elastic Storage Coefficient Estimates
We computed an estimate of the skeletal elastic storage coefficient of the aquifer system, S* ke , for six locations in Las Vegas Valley (Table 2) . We argue in section 2 that the skeletal elastic storage coefficient is approximately equal to the elastic storage coefficient, S*, for unconsolidated alluvial deposits in Las Vegas Valley. The computed values are largest for sites in the central part of Las Vegas Valley and smallest for sites in the northwest part of the valley.
Stress-strain analyses using continuously measured displacements and water levels at the Lorenzi extensometer site yield estimates of the elastic storage coefficient of the aquifer system, S* ke , ranging from 1.1 ϫ 10 Ϫ4 to 1.3 ϫ 10 Ϫ3 , averaging 5.1 ϫ 10 Ϫ4 for a saturated depth interval of 183 m (M. Pavelko, U.S. Geological Survey, written communication, 1999) . The InSAR-derived value, 7.3 ϫ 10 Ϫ4 , compares favorably within the expected accuracy of the InSAR measurements. The values calculated for the well locations are within the range of elastic storage coefficients estimated for Las Vegas Valley on the basis of a calibrated groundwater flow model [Morgan and Dettinger, 1991] and others determined from pumping tests [Malmberg, 1965] . Given the uncertain vertical distribution of the stress changes in the aquifer system, due largely to the unknown distribution and magnitude of residual excess pore pressures, the elastic storage coefficients calculated on the basis of the InSAR measurements represent first-order estimates with an uncertainty we estimate at about one half order of magnitude. Because of the time lag involved in the equilibration of aquitards a substantial fraction of the aggregate thickness of aquitard material may experience significantly less stress change in a season than is imposed and measured in the interbedded aquifers. Consequently, our seasonally estimated values of S* ke probably do not fully reflect the material elastic compressibility and thus elastic storage of the aquifer system.
Our calculations were performed for six well locations in Las Vegas Valley. Using additional well data, this analysis could be extended to more locations. If hydraulic heads were calculated from a regional groundwater flow model, the InSAR-derived displacements could be used to create a map of elastic storage coefficients over the aquifer system. These could be used iteratively to improve the groundwater flow model by including the derived storage coefficients. However, these extended analyses are beyond the scope of this paper.
Summary and Conclusions
We have shown that InSAR can be used to measure seasonal variations in the displacement field over subsiding or elastically expanding aquifer systems, and how these variations can be used to estimate the elastic storage coefficient over the aquifer system, where measurements of stress change are available. In Las Vegas Valley, the seasonal variations in the displacement patterns are at least of the same order of magnitude as the multiyear displacements. In the central part of the valley, in particular, the observed seasonal fluctuations far exceed the multiyear trend in magnitude. These seasonal displacement signals contain important information about the hydrogeologic properties of the aquifer system and are of considerable value in assessing the effectiveness of groundwater recharge programs. Although the errors in the displacement measurements due to tropospheric delays cannot be effectively corrected for at present, the derived vertical displacements seem to be accurate to ϳ5 mm. Thus we can use this technique to monitor ongoing subsidence and elastic uplift processes at very high spatial detail over time periods constrained primarily by the orbit repeat cycle of 35 days for the case of ERS-2.
The comparison between the displacements as measured by InSAR at the location of the Lorenzi extensometer located at the southern rim of the northwest subsidence bowl and the extensometer measurements show general agreement in both direction and magnitude of the long-term subsidence. However, the seasonal variations derived from the InSAR measurements are more pronounced than expected from the extensometer data. This difference is best explained by elastic deformation below the base of the extensometer at 244 m. The general agreement between the two techniques supports the use of satellite radar interferometry for the routine monitoring of ongoing subsidence at the basin scale.
During the period 1995-1999, subsidence rates have diminished, stabilized, or reversed in different parts of Las Vegas Valley (Figure 3) . The maximum ongoing rate of 25 mm yr Ϫ1 occurred in the northwest subsidence bowl. During the winter months this subsidence is almost entirely compensated by elastic expansion of the aquifer system due to recovering hydraulic heads. However, residual compaction in the northwest subsidence bowl will continue despite recovering hydraulic heads until the residual excess pore pressures at the center of the thickest clay beds have completely dissipated. The latter stages of this process may be completely masked by elastic responses in the remainder of the system.
In the central subsidence zone, reduced pumping and artificial recharge seem to have successfully halted further permanent compaction. The deformations in this area are largely elastic, reflecting little or no residual compaction and excess pore pressures, even in the thicker clay beds. The observed seasonal variations of elastic deformation are somewhat larger than expected for Las Vegas Valley. This suggests that the elastic storage values for the aquifer system are somewhat larger than previously thought, as indicated by the values obtained at wells 32CDC, 21BAAB, and 29CBC. With recovering groundwater levels in Las Vegas, future deformations are expected to occur more and more elastically. To the south, in the Whitney Mesa area, almost 30 mm of uplift is indicated, suggesting that deformation in this area has become wholly elastic. Unfortunately, comparable data documenting the presumed recovery of water levels are not presently available.
Las Vegas Valley offers very good conditions for the application of radar interferometry. The absence of dense vegetation and the relatively small amount of precipitation over the valley floor limit the amount of temporal decorrelation and allow formation of interferograms spanning time periods of several years. Similarly favorable conditions prevail over a large number of other aquifer systems in the southwestern United States and in similar climates globally. In these settings the technique used in this paper would be applicable to the study of aquifer system mechanics. The method will become applicable to the study of subsidence in a wider range of environmental settings when radar systems using longer radar wavelengths (L band), which are less prone to decorrelation, become operational in the future.
We have shown that InSAR can be applied to study seasonal variations in the displacement field over aquifer systems at a valley-wide scale with great spatial detail. Where the stress changes in the aquifer system are known from well observations, the InSAR measurements can be used to estimate the elastic storage in the aquifer system, an important parameter for the management of groundwater resources. Although further study of the tropospheric and other systematic biases is necessary to confidently estimate the accuracy of the derived subsidence values, this case study emphasizes the potential for InSAR in hydrogeologic applications.
